In Asian populations, polypoidal choroidal vasculopathy (PCV), a distinct phenotype of neovascular age-related macular degeneration (AMD), is more prevalent than Caucasians. Recently, there has been significant focus on how PCV differs from typical AMD. Although typical AMD and PCV share a variety of mechanisms by which abnormal angiogenic process occurs at the retinochoroidal interface, PCV has different clinical characteristics such as aneurysm-like dilation at the terminal of choroidal neovascular membranes, less frequent drusen and inner choroidal degeneration due to the thickened choroid. Recent studies support an important role for inflammation, angiogenesis molecules and lipid metabolism in the pathogenesis of neovascular AMD. Furthermore, although less attention has been paid to the role of the choroid in AMD, accumulating evidence suggests that the choriocapillaris and choroid also play a pivotal role in drusenogenesis, typical AMD and PCV. This review discusses the basic pathogenic mechanisms of AMD and explores the difference between typical AMD and PCV.
Introduction
Age-related macular degeneration (AMD) is a chronic, progressive disease with two end stages, exudative AMD and geographic atrophy (GA). Exudative AMD is characterized by choroidal neovascularization (CNV), which leads to leakage of fluid, lipids, and blood in the retina. Exudative AMD is more common than GA and an important cause of irreversible vision loss in Asian countries [1] . With an aging population, the size of the affected patient population will inexorably continue to increase. It is estimated that 288 million people will be affected by AMD by 2040, with 113 million people in Asia [1] . The patient's quality of life (QOL) is diminished by visual impairment due to AMD to the same extent as that of serious systemic diseases, and although current treatments offer a good costbenefit balance in terms of medical economics, significant improvements in QOL remain a distant prospect. The presence of drusen and retinal pigment epithelial (RPE) abnormalities which are clinical signs of early and intermediate AMD respectively, are associated with an increased risk of progression to advanced AMD.
Importantly, exudative AMD in Asian countries is now categorized into typical AMD and polypoidal choroidal vasculopathy (PCV). When the frequency of exudative AMD classified as typical AMD and PCV was investigated, 35-61% and 33-55% patients diagnosed with AMD were reported to be suffering from typical AMD and PCV respectively [2, 3] . PCV accounts for a much larger proportion of cases in Asia compared to that in Europe and North America, and in recent years, the pathology of PCV has been widely studied in Asian countries using a variety of approaches.
Basic definitions of PCV
PCV meets the late AMD criteria in the International ARM epidemiological study group and is categorized as a form of neovascular AMD [4] . However it has distinct clinical characteristics from typical AMD (Fig. 1) . The definitive diagnosis of PCV is made by indocyanine green (ICG) angiography which reveals a branching vascular network (BVN) with adjoining polypoidal lesion(s) [5] . It is generally agreed that BVNs are the growth of abnormal blood vessels from the choroid and located in Bruch's membrane, a similar location to the occult CNV observed in typical AMD. Polypoidal lesions show either coil-like or aneurysmal configuration on ICG angiography. Histologically, neovascularization in PCV is characterized by pronounced degenerative processes in choroidal vessels, such as loss of vascular endothelial cells and α-smooth muscle actin positive smooth muscle cell loss [6, 7] . (Fig. 2 ) Such degenerative changes in the choroid are possibly responsible for the aneurysm-like dilation of the neovascular membrane and common bleeding events observed in PCV patients. Other distinct features include relatively younger age, male predominance, and unilateral presentation.
To begin with, the pathogenic mechanisms and processes of typical AMD and PCV are complex and multi-layered, which brings about many key areas of potential research and therapeutics.
Pachychoroid and PCV
It is widely accepted that a substantial proportion of PCV occurs in eyes with a "pachychoroid" configuration and that the choroid is a key contributor to the development of PCV. (Fig. 3) "Pachychoroid" is defined as characteristic anatomical and functional alterations of the choroid including increased choroidal thickness, which may be diffuse or focal, and/or choroidal hyperpermeability on ICG angiography. The most salient feature of the pachychoroid is "pachyvessels" or dilated choroidal veins at the level of Haller's layer with thinning of the overlying Sattler's layer and choriocapillaris. Based on multimodal imaging studies, pachychoroid has been postulated to be associated with increased hydrostatic pressure in the choroid causing disruption of Bruch's membrane, RPE dysfunction, and inner choroidal ischemia [8] , and has been considered an underlying cause of a disease spectrum that includes pachychoroid pigment epitheliopathy, central serous chorioretinopathy, and pachychoroid neovasculopathy (type Fig. 1 Multimodal imaging of typical AMD and PCV 1 neovascularization associated with shallow irregular RPE detachment with or without polyps). It is likely that pachychoroid is also associated with focal choroidal excavation [9] , geographic atrophy (pachychoroid geographic atrophy [10] ), peripapillary exudative changes (peripapillary retinoschisis [11] and peripapillary pachychoroid syndrome [12] ) and drusen with a peculiar shape (pachydrusen [13] ), although there is some debate as to whether pachychoroid is a primary cause of these conditions.
The recent expansion of our understanding of pachychoroid has raised fundamental questions as to whether PCV differs from typical AMD. Indeed, pachychoroid neovasculopathy includes not only PCV, but also type 1 CNV in typical AMD. Now that PCV and type 1 CNV associated with pachychoroid are understood as pachychoroid-driven disorder, some researchers assume that these 2 conditions are not distinct diseases but simply represent different stages of the same spectrum disorder. However, despite a growing body of literature, it is difficult to diagnose pachychoroid unambiguously due to a lack of expert consensus on the definition. Further studies are needed to reconstruct the classification of neovascular AMD.
Basic mechanisms of typical AMD and PCV
PCV is a multifactorial disease with both genetic and environmental factors contributing to its pathogenesis. Both typical AMD and PCV arise from abnormal blood vessels, resulting in fluid accumulation, recurrent exudative, and hemorrhagic pigment epithelial detachments with associated serous macular detachment.
Genetic factors in typical AMD and PCV
Susceptibility genes associated with PCV are similar to those associated with typical AMD. Fan et al. demonstrated that 34 known AMD loci accounted for up to 36.8% of phenotypic variations for PCV and that there is a high genetic correlation between typical AMD and PCV [14] .
Gene loci associated with PCV susceptibility are implicated in complement and immune response, angiogenesis signaling pathways, lipid transport, oxidative stress pathways, and extracellular matrix (ECM), and they are involved in a variety of mechanisms by which abnormal angiogenic processes occur at the retinochoroidal interface.
There is some evidence to suggest there are different genetic factors between typical AMD and PCV. For example, FGD6 is significantly associated with PCV but not with typical AMD [15] . In addition, there are differences in the effect of rare coding variants on AMD susceptibility between European and Asian population. Of note, CETP (D442G) is an East Asian-specific but otherwise uncommon mutation strongly associated with neovascular AMD with an odds ratio of 1.70 [16] . The study also reported three other novel loci (C6orf223 A231A, SLC44A4 D47V, and FGD6 Q257R) associated with neovascular AMD susceptibility in East Asian. Target sequencing of AMD susceptibility in Japanese patients also identified enrichment of low-frequency variants in CETP, C2, and CFB [17] , whereas in European populations, there was no significant enrichment of rare variants in these genes. Such differences may represent genuine differences in genetic architecture in AMD between Asians and Europeans.
However, it is widely accepted that there is an overall similarity in the background genetic factors of typical AMD and PCV. Emerging clinical evidence [18, 19] suggest that some of the earliest events in typical AMD start with alterations in the RPE/Bruch's membrane and the choriocapillaris complex [20, 21] . Subsequent pathways of the pathogenesis of typical AMD and PCV differ, especially with regards to the extent of the involvement of the RPE/ Bruch's membrane and the choriocapillaris.
Age-related changes of RPE in AMD
The RPE plays important roles in retinal homeostasis as follows; (1) provision of nutrients needed for photoreceptor cells; (2) transportation of ions, water, metabolic end products from the subretinal space to the choroid; (3) formation of the blood retinal barrier; (4) phagocytosis of the shed photoreceptor outer segments, and (5) secretion of growth factors. Bruch's membrane is lamellar extracellular material (ECM) composed of five layers, i.e., inner basal lamina of RPE, outer collagenous zone, elastic zone, inner collagenous zone, and outer basal lamina of choriocapillaris. Bruch's membrane inner border is well demarcated, whereas the outer limit is ill-defined with expansions of Bruch's membrane in the choroid forming intercapillary pillars [22] . Progressive age-related changes that characterize early AMD includes thickening of Bruch's membrane, accumulation of extracellular deposits such as basal laminar deposit and membranous debris. There is an age-related reduction in hyaluronic acid [23] as well as accumulation of proteoglycans [24] , collagen [25] , elastin [23] , lipids [26] , and advanced glycation end products [27] . These pathological changes at the level of Bruch's membrane have been considered to play important roles in AMD. Mechanistically, a vast amount of literature shows that age-related thickening of Bruch's membrane results in impaired diffusion of oxygen, nutrients, ion, water, and metabolic end products from the RPE and thereby causing RPE dysfunction. Drusen are membranous debris located between the RPE basement membrane and the inner collagenous layer [28] and are considered to be incompletely digested material from RPE [20] . Soft drusen are a clinical hallmark of early AMD and are considered as independent risk factors for late AMD. These drusen are composed of proteins such as complement and β-amyloid, and lipids including unesterified cholesterol and cholesteryl-esters. Importantly, soft drusen are less frequently observed in eyes with PCV compared to those with typical AMD [29, 30] and its role in PCV pathogenesis is less clear.
Age-related changes of the choriocapillaris in AMD
The choroid is a vascularized tissue with poor autoregulatory mechanisms and consists of four layers; (1) outermost suprachoroid lamina, (2) Haller's layer (large choroidal veins), (3) Sattler's layer (medium-sized choroidal arterioles and venules), and (4) choriocapillaris (inner sinusoidal capillary network). Choroidal stroma is composed of pigmented cells, fibroblasts, melanocytes, and ECM such as collagen and elastin. The choroid also has multiple functions such as (1) nutrient transport, (2) waste removal, and (3) immune cell tracking [31] . Transport between the choroid and the RPE occurs at the level of choriocapillaris, a thin sheet (7-10 μm) of fenestrated capillaries. There is a close association between the degeneration of the RPE and choriocapillaris. Although less attention has been paid to the role of the choroid in AMD, Fig. 3 Pachychoroid spectrum diseases. "Pachychoroid" is defined as characteristic anatomical and functional alterations of the choroid, including increased choroidal thickness and/or increased choroidal hyperpermeability on ICG angiography. Pachychoroid is considered responsible for pachychoroid spectrum diseases including pachychoroid pigment epitheliopathy, central serous chorioretinopathy and pachychoroid neovasculopathy. CSR central serous chorioretinopathy, PPE pachychoroid pigment epitheliopathy, PNV pachychoroid neovasculopathy accumulating evidence suggests that the choriocapillaris and choroid also play a pivotal role in drusenogenesis, typical AMD and PCV [32] . First, there is an age-related thinning of the choriocapillaris and capillary lumen diameters [33] . Although the precise etiology and biochemical pathway is unknown, such changes of the choriocapillaris are considered as a process of normal aging and are present before the onset of clinical manifestation. Histological studies appear to support a role for widened intercapillary stroma, but not sclerotic changes of the choriocapillaries, for these changes [33] . Concomitantly, there is ghost vessels formation due to loss of functional endothelium. Such changes with normal aging are also of clinical significance. In early AMD, drusen are closely related to the choriocapillaries associated with the collecting venules of the choroid [34] . It is postulated that decreased choriocapillary vessel density results in drusen formation due to insufficient clearance of RPE-derived debris. In neovascular AMD, histological studies have demonstrated that there was loss of choriocapillaris adjacent to CNV and large areas that lacked choriocapillaries were reportedly completely covered by RPE [21] . Interestingly, areas with active CNV always had reduced choricapillaries with intact RPE. This contrasts to geographic atrophy, where there are some areas of normal choriocapillaris with atrophied RPE [21] . Furthermore, in typical AMD, CNV is frequently localized to watershed zone as demonstrated by ICG angiography [35] . The watershed zone is considered to be most vulnerable to ischemia in the event of a fall in the perfusion pressure in the vascular bed, and is therefore susceptible to CNV development. The finding that choroidal blood flow is decreased in eyes with an increased risk of CNV in AMD [36] and in eyes with RPE hypertrophy [37] supports this hypothesis. Therefore, the loss of choriocapillaris and reduced choroidal flow are also important factors contributing to exudative AMD [21] , although there has been a debate as to whether the choriocapillaris degeneration is a cause or consequences of the inflammatory response that causes the pathogenic changes in the choroidal/RPE ECM.
Contrary to the prevailing view that the ischemia is associated with CNV in typical AMD, abnormal vessels in PCV frequently co-localize with dilated choroidal vessels [38] . Additionally, choroidal vascular hyperpermeability and choroidal thickening are more frequently reported in PCV compared to typical AMD [39] . The most likely mechanism is thickening and increased rigidity of the sclera, probably due to a change in the structural composition of the sclera in the eyes with PCV similar to those with uveal effusion syndrome; that is, dilation of the choroidal vessels could be related to an increased resistance of choroidal venous flow due to impeded venous drainage via vortex veins. Genetic factors are likely to play a role, although the detailed mechanisms are still unknown. Recent investigators postulated that the dilated outer choroidal vessels would mechanically compress the inner choroid and choriocapillaris and might induce ischemic changes [40] .
Thus, pathologic changes occurring at RPE/choroidal interface and choriocapillaris play a critical role in the pathogenesis of typical AMD and PCV. However, differing histological and clinical manifestations of PCV from those of typical AMD suggests that there are factors that contribute to the different physical characteristics of the angiogenic process. As discussed in the next chapter, several hypotheses have been postulated; however the main differences in abnormal angiogenic process between typical AMD and PCV are still unknown.
Mechanistic insights into the pathogenesis of typical AMD and PCV

Inflammation -complement and immune response
Complement activation in drusen
It is widely accepted that cellular damage induced by inflammation as part of the complement activation pathway of our immune system contributes to the pathogenesis of typical AMD and PCV. The complement system is a part of the innate immune system, which helps to protect host cells from pathogens, removes debris and modulates immune reactions. There are three major pathways of complement activation, i.e., classical pathway, lectin pathway and alternative pathway. Activation of C3 by a C3 convertase, regardless of how it is activated, results in the generation of anaphylatoxins C3a and C5a, opsonins C3b, iC3b, and C3d, and membrane attack complex (MAC) C5b-9 ( Fig. 4) [41] . MAC formation is the final event occurring downstream of complement cascade which induces dysfunction of the target cells by forming membrane-spanning pores [42] . It has been also demonstrated the formation of anaphylatoxins C3a and C5a, resulting from dysregulation of complement pathways, can elicit aberrant activation of macrophages further aggravating the inflammation. Based on histological findings, complement activation in the drusen has been considered to play an important pathogenic role in AMD [20, 41, 43] . A polymorphism in the complement factor H (CFH) gene, a negative regulator of the complement pathway, increases the risk of AMD and PCV by 1.75 and 1.85 fold respectively [14] . Other gene loci in the complement pathways (C2-CFB-SKIV2I, C3, C9, and CFI) have consistently been shown to be associated with AMD risk. In this regard, it is of note that the complement component C3 and other complement pathway proteins are detected in the drusen. Our groups and others found there is an age-related increase in the complement pathway protein C3 [44] .
Drusen also trigger further inflammation and C-reactive protein, a CFH-binding protein [45] , is also implicated in this process. Drusen accumulation is also enhanced by local inflammation resulting from RPE disorders [20] .
Complement activation in the choriocapillaris
While many studies have focused on the impact of complement activation on RPE cells, several studies indicate complement activation first occurs in the choriocapillaris. First, although RPE is exposed to MAC in advanced AMD, activation of MAC first occurs at the level of choriocapillaris in early AMD as demonstrated by a histological study [42] . In addition, the eyes harboring the risk allele of CFH (Y402H) shows increased C-reactive protein in the choroid [46] , probably reflecting chronic local inflammation and cellular injury. Moreover, in neovascular AMD, persistent labeling of MAC at the level of the choriocapillaris is reported even after the degeneration of the endothelium was complete. These lines of evidence suggest complement activation occurs in the choriocapillaris at initial stage of AMD. Interestingly, complement activation also triggers innate inflammatory responses in choroidal endothelial cells. Choriocapillaris is the only capillary system in which the endothelial cells express intercellular adhesion molecule-1 (ICAM-1), an important molecule that mediates the infiltration of leukocytes [47] . In vitro, C5a increases the expression of ICAM-1 [48] , suggesting complement activation contributes to the recruitment of leukocytes. Further evidence to support the role of complement pathway molecule on the choroid comes from animal experiments. In aged mice, there was deposition of amyloid beta and tau proteins in the choroidal arteries, and both amyloid β and phosphorylated tau were expressed at significantly high levels in CFH knockout mice [49] . Amyloid β and phosphorylated Tau in association with brain blood vessels are known to disrupt endothelial cell function; therefore, it is plausible that the accumulation of these proteins results in the disruption of choroidal vessels, potentially thinning the choriocapillaris and thus disrupts outer retinal perfusion.
Role of immune cells
Among infiltrating leukocytes, the role of macrophages has been most intensively studied. Macrophages accumulate around drusen and remove debris and cholesterol from the Bruch's membrane in the young choroid. In contrast, macrophages also have opposite destructive effects and are involved in the pathogenesis of CNV [50] . (Fig. 5) We and other groups have demonstrated that macrophages recruited to CNV lesion express vascular endothelial growth factor (VEGF) -A and depletion of monocytes and macrophages results in a reduced CNV size in a laser-induced mouse model [51] . Such diverse effects of macrophages may be carried out by distinct macrophage subpopulations. We speculate that macrophages' polarization from protective to destructive phenotypes is due to continuous stimulation by molecular "garbage" such as oxidized lipid products whose generation-disposal balance becomes impaired with aging. In contrast to the roles of macrophages, roles of lymphocytes and granulocytes in CNV are less clear [52] . Of note a recent study identified mast cell degranulation in the choroid of all stages of AMD [53] . Mast cells were distributed in the choroidal stroma at the level of Sattler's and Haller's layer but were not present at the level of choriocapillaris except for the eyes with geographic atrophy where mast cells were also found at the level of choriocapillaris in regions with complete RPE atrophy. Although further studies are needed, it is interesting to postulate that mast cells would release diverse factors that mediate pro-or antiinflammatory functions which lead to thinning of the choroid, degradation of vascular membranes and Bruch's membrane, resulting in RPE degeneration and thinning of the choriocapillaris which contribute to the pathogenesis of CNV.
The innate immune response occurring in the choroid is likely to be associated with the pathogenesis of PCV. As mentioned previously, while the concept that drusentriggered activation of immune system contributes to typical AMD is widely accepted, there remain several controversies with regards to the role of drusen in PCV. Unfortunately, there are no histological studies investigating the choroid of eyes with PCV; however, immunohistological studies using surgically excised PCV specimen showed CD68-positive macrophages around the hyalinised vessels [7] , supporting the role of macrophages in the pathogenesis of PCV. Recent evidence suggests that functional skewing of immune cells towards pro-angiogenic and pro-inflammatory phenotype is a key event happening in exudative AMD. The immune cells are shown to be plastic, and polarized cells have the capacity to redifferente and reprogrammed upon various stimuli. Therefore, future studies on the immune cells, especially focusing on their polarization and signaling pathways would pave a way to a new treatment.
The inflammasome has also emerged as another immune component related to AMD [54] . Previous studies reported that the inflammasome, which is typically synthesized by immune cells could be activated in the RPE and could mediate both protective and destructive signals in AMD [55, 56] . This was followed by numerous studies that linked inflammasome activation in RPE and AMD [57] . However, a recent study pointed out the problems related to the use of non-specific and unreliable commercially available antibodies in these experiments and clearly demonstrated no significant NLRP3 (a pivotal cytosolic innate immune sensor and regulator of inflammasome) expression in RPE cells [58] . Their results suggest that RPE cells do not contain significant amounts of NLRP3 that contribute to AMD pathogenesis and call into question the notion that inflammasome activation is involved in the pathogenesis of AMD. Further molecular analysis and independent verification are still awaited to confirm/refute previous studies regarding the roles of inflammasome activation in AMD.
Angiogenesis and signaling pathways
CNV is stimulated by angiogenic factors, which is triggered by ischemia, hypoxia and inflammation. Reduction in antiangiogenic factors in the RPE may also contribute to the Bruch's membrane including intercapillary pillars and facilitate CNV growth. Macrophages also produce diverse proangiogenic factors such as vascular endothelial growth factor (VEGF) and inducible nitric oxide synthase (iNOS), further promoting angiogenesis Fig. 4 Complement pathway. C3 convertase generated either by the classical, lectin, or alternative pathway, cleaves C3 into C3a and C3b, and results in C3b amplification loop. Cascade then proceeds to the activation of a C5 convertase of the classical (C4b2aC3b) or alternative (C3bBbC3b) pathway. Further, C5 convertase initiates the activation of late components of the complement system to form membrane attack complex (MAC). MAC formation is the final event occurring downstream of complement cascade inducing dysfunction of the target cells by forming membrane-spanning pores. Both complement factor H (CFH) and factor I (CFI) promote the cleavage of C3b to its inactive form and act as negative regulators. Genetic studies have identified associations of multiple SNPs associated complement genes including CFH, CFI, CFB, C2, C3, and C9, and AMD susceptibility formation of CNV [21] . Bruch's membrane represents a physical barrier to the inward growth of choroidal vessels. In PCV, it is generally agreed that BVN is localized above the Bruch's membrane, although some of them can be below the Bruch's membrane (in the choriocapillaris and the large choroidal vascular layer) [38, 59] . Therefore, CNV in AMD and abnormal blood vessels in PCV require matrix metalloproteases or serine proteases to digest ECM or basement membrane of the choroid, to penetrate into the Bruch's membrane. Interestingly, although most of the risk variants for geographic atrophy and neovascular AMD are shared, a variant upstream of MMP9 was found to be exclusively associated with neovascular AMD, but not with GA [60] , supporting the idea MMP9 is involved in the angiogenic process in neovascular AMD. The digestion of ECM is also mediated by macrophages at least in part. At the initiation stage of CNV, macrophages are shown to accumulate in areas where Bruch's membrane is thin. There are three possible roles of choroidal/Bruch's membrane macrophages in the pathogenesis of CNV, i.e., replacement of choroidal capillaries, erosion of Bruch's membrane including intercapillary pillars and facilitation of CNV [50] . It has been hypothesized that macrophages infiltrate into the compromised areas of Bruch's membrane and are responsible for digesting collagen. Recruited macrophages also produce diverse proangiogenic factors such as vascular endothelial growth factor (VEGF) and inducible nitric oxide synthase (iNOS) [61] , further promoting angiogenesis.
Recent whole-genome exome sequencing identified a significant association between a rare variant in the FGD6 gene (FGD6 K329R) and PCV, but not typical AMD [15] . The authors hypothesized FGD6 would regulate proangiogenic activity in PCV. An abnormal vascular structure that resembles polyps was observed in six out of the 10 retinas receiving the FGD6 R329 virus injection, but only one out of ten in the retinas receiving viruses expressing FGD6 K329 and none in the GFP controls, suggesting that retinas expressing FGD6 R329 have higher probability to cause distorted blood vessels. Their finding suggests that FGD6 R329 can induce the development of an abnormal vascular network in vivo and that this protein might contribute to the unique abnormal vascular network of PCV. Future research in terms of targeting the gene products of FGD6 R329 could be a potential area to explore for neovascular AMD.
Lipid transport
Genome wide association studies have demonstrated an association between Asian exudative AMD and cholesterol ester transfer protein (CETP) [16, 17] . Interestingly Asian specific CETP D442G mutation is known to impair CETP function and increase serum high-density lipoprotein (HDL) cholesterol levels. In Asian population, higher HDL was an independent risk factor for neovascular AMD including typical AMD and PCV [62] . Similarly, genome-wide association studies conducted in Western countries have shown an association between AMD and hepatic lipase (LIPC), which also affects serum HDL cholesterol levels. Additionally, there is an association between apolipoprotein E (ApoE) and ATP-binding cassette transporter A1 (ABCA1) gene and AMD susceptibility, further supporting a link between lipoprotein and AMD. To date, however, the association between serum lipid and AMD has been inconsistent. In contrast to CETP gene, the HDL-raising allele of the LIPC gene was associated with a reduced risk of AMD [63] . Higher total cholesterol and low-density lipoprotein (LDL) levels were associated with an increased risk of AMD, whereas higher HDL levels reduced the risk of advanced AMD. A recent study using Mendelian randomization supports that HDL cholesterol is a causal risk factor for AMD. Unexpectedly, the study found no causal effect of LDL-cholesterol or triglycerides. They also found variants in the CETP gene locus associated with increased HDL is associated with increased AMD risk although variants in LIPC gene locus that increases HDL associated with the opposite effect [64] . Perhaps the racial differences in the effects of the CETP and LIPC gene loci on HDL levels and subsequently AMD risks could be explored in larger studies.
Lipid and drusen
The presence of cholesterol and apoproteins (Apo B, E, A-I, C-I, and C-III) in drusen and basal linear deposits links AMD with lipoproteins involved in the pathogenesis of atherosclerosis, which also features extracellular lipoprotein deposition and end-stage changes including calcification and neovascularization [65, 66] . The retina requires cholesterol to achieve normal structure and function. Local biosynthesis is not the only source of cholesterol for the retina as cholesterol from the systemic circulation can cross the RPE. RPE controls both cholesterol input and output by means of both passive and active mechanisms. RPE uptakes HDL and LDL via scavenger receptor and LDL receptors from the blood circulation and secrete excess fatty acids and cholesterol, ApoB, E. Cholesterol in Bruch's membrane lipoproteins is likely to be derived from endogenous synthesis, taken-up plasma lipoproteins and phagocytosed photoreceptor outer segment [66] . However, dysregulation of cholesterol uptake and/or removal, together with agerelated change in the elastic layer of Bruch's membrane lead to the accumulation of lipoproteins in the inner collagenous layer with aging. Lipoproteins subsequently form lesions to trigger inflammation, complement activation and cytotoxicity. Due to decreased permeability of Bruch's membrane, ApoB, E containing lipoproteins secreted by RPE builds up, and individual lipoproteins fuse over time to produce drusen that are largely composed of lipids including unesterified cholesterol and cholesteryl-esters.
Accumulation of lipids is partly due to retention of lipoproteins as a result of impaired reverse cholesterol transport which leads to drusen formation. The importance of HDL and apo-AI for cholesterol efflux has been demonstrated in many studies in non-ocular tissues such as macrophages. In non-ocular tissues, nascent (pre-β-1) HDL particles bind to ABCA1 and promote lipid efflux from the tissue. Moreover, incubation with apoA-I, the major apolipoprotein component of HDL, increases efflux. In this process, ABCA1 transporter on the surface of macrophages transfers free cholesterol from the cells to ApoA-I, which forms pre-β-1 HDL particles. Thereafter, free cholesterol is esterified by lecithin: cholesterol acetyltransferase, and transported to the liver for excretion into bile acid. The ATPbinding cassette G1 transporter (ABCG1) and scavenger receptor class B type I (SR-BI) also contribute to the efflux of cholesterol from peripheral tissues through large and less dense HDL particles. However, the mechanism by which lipids efflux from the RPE into the choroidal circulation is poorly understood. Similar to macrophages, RPE cells express components of reverse cholesterol transport molecules such as apo E, SR-BI, and ABCA1/G1 and lipids are reportedly transported through RPE for efflux from the cells. HDL is shown to bind to the effluxed lipids from the RPE [67] . Interestingly, the RPE cells efflux cholesterol towards both the subretinal and choroidal compartments using ABCA1/G1 [68] . Regarding oxysterols, RPE cells also likely participate in the clearance of dietary oxidized LDL through CD36 scavenger receptor [69] . There are other mediators of cholesterol efflux such as albumin, plasminogen and exosomes in serum. It is also possible that there is monocyte clearance system in which circulating monocytes invade the Bruch's membrane and accumulate lipid. It is unknown, however, how the recruited monocytes migrate back into the circulation and how much macrophages contribute to the clearance of subretinal lipid. Importantly, several studies demonstrated that increasing cholesterol efflux capacity by means of pharmacological interventions (e.g., statins [70] and ApoA-I mimetic peptides [71] ) may reduce drusen burden. However, recent studies suggest that increasing HDL or ApoA-I concentrations do not necessarily improve cholesterol efflux capacity and that HDL functionality is more important [72] . It is also important to note that different statins may differently impact cholesterol efflux capacity, and some types of statins are known to decrease cholesterol efflux [72] . Further studies are warranted to address whether lipid efflux capacity is associated with AMD risk, and if so, which groups of AMD patients would benefit most from such therapy.
Lipids as signaling molecules and fuel substrate
Most of the recent studies on lipids are directed towards understanding the mechanism underlying lipid accumulation in RPE/Bruch's membrane. However, lipids may affect AMD not only by modulating cellular debris, but also by modulating phenotypic changes of macrophages. In this regard, it is of note that cholesterol metabolism is one of the most important factors that modulate macrophage polarization. Excess cholesterol accumulated in macrophages is removed through ABC cassette transporter, ABCA1/G1, and a recent study demonstrated that down-regulation of ABCA1 in macrophages results in an accumulation of free cholesterol within senescent macrophages [73] . Subsequently, elevated lipid polarizes macrophages to an alternatively activated phenotype that promotes angiogenesis and accelerates neovascular AMD.
It is also important to note lipids are used as fuel substrate. Traditionally, the retina has been assumed to rely exclusively on glucose for energy, and less characterized are the functions of lipid metabolism in the retina as a pathway to generate ATP. However, a recent study clarified that retina uses fatty acid β-oxidation for energy [74] . VLDL receptors (VLDLR) bind triglyceride-rich chylomicrons and VLDLs, allowing lipoprotein lipase to release long-chain fatty acids. Lipid β-oxidation commonly occurs in the heart and skeletal muscle, where abundant amounts of VLDLR facilitate fatty acid uptake. Genetic ablation of Vldlr in mice makes these animals susceptible to neovascularization. In Vldlr knockout mice, the researchers found retinal lipid uptake and lipid β-oxidation were curtailed. Increased level of circulating fatty acids in Vldlr knockout mice could activate a lipid sensor, free fatty acid receptor 1 (Ffar1). This in turn suppresses the expression of the glucose transporter Glut1, thereby impairing glucose entry into photoreceptors. In consequence, fuel shortage and a reduction in the levels of Krebs cycle intermediate α-xketoglutarate promote neovascularization by stabilizing hypoxia inducible factor-1 and VEGF. This mechanism, although needs to be more characterized, may explain neovascular drive due to the reduced availability of lipids that is independent of drusen and inflammation. If proven, therapy against chylomicrons and VLDLs, on top of essential dietary control of lipid intake, could be investigated as a potential preventive therapy for AMD.
Animal models of AMD
Animal models of early AMD
Currently, animal models that accurately mimic the disease pathologies and progression of typical AMD or PCV are still lacking. Several mouse models for AMD were developed based on genetic risk factors. These genetically modified genes in mouse models include complement related genes such as CFH (CFH knock-out mice [75] and knock-in mice expressing human Y402H variant of CFH [76] ), cholesterol-related genes such as ApoE (ApoE-null mice [77] , ApoE-Leiden mice, and transgenic mice expressing the human ApoE2, ApoE3, or ApoE4 alleles [78] ) and oxidative-stress related genes such as SOD1 and 2 (SOD1/2 knockout mice [79, 80] ). Although these mouse models replicate some hallmarks of AMD, such as Bruch's membrane thickening and drusen-like deposits, CNV is rarely present in these models. There had been no studies that demonstrated the thinning of choroicapillaris in animal models. For example, both ApoE knockout mice and transgenice mice, only when fed with high-fat diet, show Bruch's membrane thickening [77, 78] . CFH knockout mice show minor changes such as a loss of retinal function and increased C3 deposition that occurs at 2 years of age [75] , whereas mice expressing either Y402 or H402 variant of human CFH develop C3b deposits and subretinal macrophage infiltration at 12 to 14 months of age [76] . Some animal models exhibit drusen-like deposits; however, these are located in the subretinal space, but not in the sub-RPE space, and differ from human drusen with regards to the composition. Of note, drusen-like deposits can be related with a mutation in CRB1 gene, which is present in several laboratory mouse strains [81] , and may have no relevance with the AMD gene mutations these mice carry. Furthermore, CETP, a crucial cholesterol-related gene in Asian AMD, is absent in mice, highlighting the difficulty in replicating the human cholesterol-metabolism abnormality occurring in human AMD in mice. In summary, these mouse models could be useful to investigate the early events occurring in AMD. More studies however will be required to understand how the findings in mice translate to humans to ultimately understand biological and physiological mechanisms in human AMD.
Animal models of late AMD
Developing a mouse model exhibiting cardinal features of typical AMD or PCV has been challenging, and many studies have employed laser-induced CNV model that partially mimic the pathogenic mechanisms of CNV. There is, however, some experimental support for the role of high temperature requirement factor A1 (HtrA1), one of four known proteases belonging to the broadly conserved family of HtrA proteins, in PCV. HtrA1 is linked to typical AMD/ PCV and regulates the transforming growth factor β and matrix metalloproteinases in chronic inflammation.
Although there is some debate, AMD/PCV-associated single nucleotide polymorphisms in the promoter of HtrA1 has been shown to be associated with an increased expression level of HtrA1 [82] [83] [84] . HtrA1 risk allele is associated with increased HtrA1 expression. Recently, HtrA1 transgenic mouse strains have been developed by three independent research groups and are reported to show a large number of phenotypes that resemble the human PCV [85] [86] [87] , i.e., (1) capillary structural abnormalities in the choroid; (2) without any other signs of AMD; and (3) the degradation of choroid vessel walls.
Jones et al. generated a mouse line overexpressing human HtrA1 in mouse RPE [86] . The mice expressed human HtrA1 in the RPE and secreted HtrA1 was also detected in the basal side of RPE, i.e., Bruch's membrane and in the choroid. On ICG angiography, the investigators detected cardinal features of PCV, namely, numerous hyperfluorescent dots, large polypoidal lesions, and branching vascular network in 59% of the mice they examined. Histologically, the PCV-like lesions in the HtrA1 transgenic mice contained abnormally dilated, thin-walled vessels beneath the RPE. Severe degeneration of the elastic lamina or tunica media of choroidal vessels, as well as fragmentation of the elastic layer in Bruch's membrane, were observed in the same model. These studies demonstrated that transgenic mice overexpressing human HtrA1 show PCV-like abnormal capillary structures in the choroid. In these mice, the tunica adventitia, which contains a large amount of collagen fibers and the tunica media, which is composed predominantly of smooth muscle, were severely degenerated in choroid arteries. Histological analysis showed that the integrity of the elastic lamina of the Bruch's membrane was also severely compromised; however, the choroidal vessels were reportedly more severely damaged than that of the Bruch's membrane.
Vierkotten et al. generated transgenic mice overexpressing mouse HtrA1 in the RPE [87] . The investigators found ultrastructural changes in the elastic layer of Bruch's membrane of the HtrA1 transgenic mice up to one year. Expression of major components of the ECM as well as ECM proteins involved in elastogenesis were changed; there was a degradation of fibronectin with the generation of fibronectin fragments, together with a reduction of fibulin 5 and tropoelastin.
Nakayama et al. also generated mice ubiquitously overexpressing mouse HtrA1 [85] . Importantly, fluorescein angiography demonstrated leakage in the late phase suggestive of CNV in these mice. Histological study demonstrated subretinal CNV formation originating from the choroid as well as ruptures in the Bruch's membrane. These various mouse models are useful in conducting future research trials for AMD.
Functional biology of HtrA1
HtrA1 is involved in divergent biological pathways and has also been implicated in several pathologies including cancer, Alzheimer's disease, arthritis and familial ischemic cerebral small-vessel disease. For example, HtrA1 is downregulated in cancer of diverse origins, and functions to regress solid tumors. Diseases such as the cerebral arteriopathy, autosomal recessive with subcortical infarcts, and leukoencephalopathy (CARASIL) syndrome and the cerebral small vessels disease (CSVD) are caused by mutations or deletions that impair HtrA1 function. In Alzheimer's disease, HtrA1 is involved in the degradation of tau protein [88] and Apo-E protein [89] . HtrA1 is also upregulated in inflammatory diseases such as osteoarthritis and rheumatoid arthritis.
HtrA1 belongs to the serine peptidase family and is composed of 4 distinct protein domains: an Insulin-like growth factor binding domain (IGF-BD), a Kazal-type motif (KM), a trypsin-like peptidase (proteolytic) domain, and a PDZ domain. Majority of HtrA1 is found in extracellular space, and signal peptide in the N-terminus of the protein is essential for both the expression and the secretion of the HtrA1 protein. Secreted HtrA1 is involved in the homeostasis of the ECM. The remaining fraction localizes to the cytoplasm, microtubules and nucleus.
Degradation of divergent ECM proteins
HtrA1 has been shown to promote degradation of a substantial number of ECM components, such as fibronectin, type III collagen, decorin, aggrecan. ECM proteins. HtrA1 is able to proteolytically degrade apoE4. Protein fragments or aggregates that are produced or degraded by HtrA1 either cause disease or modulate disease. It may also be possible that proteolytic cleaved fragments of extracellular proteins may possess biological activities and HtrA1 is involved in this process [90] . Interestingly, a recent study demonstrated thrombospondin-1 is a substrate for HtrA1, and proteolytically released fragment of thrombospondin-1 promotes tube formation by endothelial cells [91] . Moreover, independent of catalytic activity, secreted HtrA1 inhibits transforming growth factor (TGF)-β/BMP signaling pathways by interacting with their receptors and inhibit Wnt pathway by interacting with β-catenin [92] .
Degradation of growth factors
HtrA1 also degrades growth factors such as insulin-like growth factor-binding protein 5 (IGF-BP-5), fibroblast growth factor-8 (FGF8) and TGF-β, [93] thereby functioning as an antagonist. Conversely, macrophage inhibitory factor was also shown to interact with HtrA1 and inhibit the proteolytic activity of HtrA1 [94] .
Intracellular HtrA1 and tubulins
Intracellular HtrA1 is localized to microtubules in a PDZ domain-dependent, nocodazole-sensitive manner and promotes polymerization of microtubules. Downregulation of HtrA1 attenuates cell migration [95] . The microtubuleassociated protein tau aggregates into intracellular neurofibrillary tangles. HtrA1 has recently been reported to have a non-proteolytic activity that enables it to disentangle Tau neurofibrillary tangles, suggesting that it can regulate the levels and aggregation of Tau. In the RPE, intracellular HtrA1 regulates degradation of tubulin [96] . Using RPE monolayer culture, the investigators also found degradation of tubulin results in impairment of phagocytotic activity of RPE cells [96] .
Functions of HtrA1 in the context of CNV
Despite a number of in vitro studies, the functions of HtrA1 in vivo remain largely unknown. A recent study has demonstrated there is a prominent immune complex deposition, complement activation, and infiltration of inflammatory cells in mice showing severe PCV phenotype [97] . A HtrA1 inhibitor was ineffective in treating existing lesions, but anti-inflammatory glucocorticoid was effective in preventing PCV progression. We conclude that PCV initiation is caused by ECM protein-mediated proteolytic degradation due to increased HtrA1 activity while progression is driven by chronic inflammation. It is unclear whether HtrA1 upregulates VEGF expression, with studies showing upregulation in HtrA1 transgenic mice [86] and decreased expression in HtrA1 knockout mice [98] whereas other studies showing no change using HtrA1 transgenic mice [87] , suggesting upregulation of VEGF, if any, is not direct consequence of overexpressed HtrA1, but is probably due to secondary events after progression of the disease. A recent study using human induced pluripotent stem cells (iPSCs)-derived RPE cells from patients diagnosed with AMD showed that iPSC-derived RPE cells expressed AMD-related proteins and those from the AMD donors had significantly increased complement and inflammatory factors, which are most exaggerated in HtrA1 lines [99] , supporting the hypothesis that HtrA1 is associated with chronic inflammation. Mechanistically, the degradation of the elastic layer is likely caused by elastase activity of HtrA1; [86] however, another study failed to detect any elastase activity of HtrA1 [87] . It is also possible that increased fibronectin fragments, that are degraded by HtrA1, stimulate the release of cytokines and matrix metalloproteases from the RPE [87] . With conflicting evidence of the effects of Degradation of the choriocapillaris and Bruch's membrane, which can be initiated by complement activation, leukocyte recruitment and inflammatory mediator lead to thinning of the choriocapillaris and dilated choroidal vessels may be one of the underlying mechanisms responsible for PCV HtrA1 on VEGF levels and other inflammatory mediators on AMD, it remains to be confirmed by future studies in the pathogenesis of AMD.
Future directions
A pathogenic model of PCV described in this review is summarized in Figs. 6 and 7 . Degradation of the choriocapillaris and Bruch's membrane, which can be initiated by matrix metalloproteases and serine proteases, HtrA1, that leads to thinning of the choriocapillaris and dilated choroidal vessels may be one of the underlying mechanisms responsible for PCV. Further studies are necessary to understand how and why typical AMD and PCV are different. We also need to understand how immune systems in the choroid change with aging and disease. Specific areas that need to be developed to understand the molecular basis of PCV include a comprehensive understanding of the functions of genes associated with PCV risk focusing more on the choroid. Continued work using animal models would provide a more accurate and detailed picture of how inflammation, angiogenic factors and lipid metabolism contribute to PCV pathogenesis. Although HtrA1 transgenic mice do not fully replicate all of the robust phenotypes seen in humans, the HtrA1 transgenic mouse model provides the best opportunity to investigate the pathogenesis of PCV and may have advantages over human samples in terms of genetic simplicity and limited influence of environmental factors.
